Introduction
Hydrotreating processes are used in oil refineries for reducing the content of unwanted components (such as sulphur, nitrogen and metal compounds, as well as aromatic hydrocarbons) in oil fractions and products, by reaction with hydrogen. Due to the tightening of air-quality legislation in many countries [1] , there is a continuing effort to develop more efficient catalysts and processes for the production of ultralow-sulphur fuels, especially diesel (USLD). Although great progress has been made in the development of efficient catalysts for these processes, major challenges remain, for example, their modest aromatic hydrocarbons saturation activity. Improving the aromatics saturation activity of hydrotreating catalysts has become a research priority since recent environmental restrictions establish minimum values 3 for cetane number and lower limits for polyaromatic contents in diesel cuts.
Unsupported catalysts have emerged as a promising commercial alternative to fulfil tighter diesel specifications, without the need for an extensive revamp of existing refinery hydrotreating units [2, 3] . This is due to their higher hydrogenating power, even if they are generally more expensive than conventional supported catalysts because of their larger metal content. In the last decade, since the first patents for their use in hydrotreating were published (e.g. [4] ), the interest in the study of trimetallic (NiMoW) sulphides has considerably increased [2, 5] .
Previous research [6] [7] [8] [9] [10] [11] , using thiosalts for the preparation of unsupported bimetallic sulphide catalysts, has led to significant progress in the understanding of their structure and catalytic activity. Thomazeau et al. [12] synthesised bulk Mo1-xWxS2 compounds from thiosalts, and used EXAFS to show that Mo and W cations were present in every sulphide layer, i.e, intralayer solid solutions were formed. Later work by the same authors [13] showed that the Mo0.5W0.5S2 system kept the intralayer solid solution structure when it was supported on alumina (by a co-precipitation method) and subsequently nickel-doped. The catalytic activity of these samples was evaluated in gas-phase thiophene hydrodesulphurization (HDS) and in liquid-phase HDS of a hydrotreated gasoil [14] . Based on DFT calculations of (unsupported) cluster systems, the ternary NiMo1-xWxS2 compounds were expected to be more active than the bimetallic NiW and NiMo sulphides, in contrast with the CoMo1-xWxS2 system where no Mo/W synergy was predicted. The catalytic activities of the promoted NiMo1-xWxS2 unsupported systems were not reported in that work.
Unfortunately, the preparation of hydrotreating catalysts from thiosalts is difficult to scale up [15] , due to the costs involved and the use of toxic ammonium sulphide or hydrogen sulphide in the preparation of the precursors. It is therefore surprising that little attention has been paid 4 to the preparation of trimetallic unsupported hydrotreating catalysts from oxide-precursors [16, 17] , which is a relatively cheaper and easier method.
Well-characterised Ni-promoted Mo1-xWxS2/ Al2O3 catalysts with different Mo to W ratios were synthesised by pore volume impregnation of γ-Al2O3 with the metal salts in a recent work by van Haandel et al. [18] . There was no synergy from the simultaneous presence of Mo and W in ternary Ni-based Mo1-xWxS2 materials under the reported conditions of the model reactions, either in the gas-phase thiophene HDS or in the liquid-phase dibenzothiphene (DBT) HDS activity. The effect of pressure and temperature in the gasphase catalyst activation was followed by XPS and EXAFS. The mixing of W and Mo in the Mo1-xWxS2 slabs was found to be dependent on the activation pressure in those supported systems. At higher activation pressures a Mo-W solid solution was formed whereas, for lower activation pressure, EXAFS gave evidence of Mo-W-S sulphide particles with a core-shell structure.
There is clearly a lack of information in the open literature about the physicochemical and catalytic properties of bulk trimetallic NiMoW sulphides prepared from mixed oxides and virtually no information on the related CoMoW system. Furthermore, most model compound studies reported for unsupported catalysts involve only the HDS reaction (DBT and/or 4,6-dimethyldibenzothiophene [15, [19] [20] [21] [22] [23] [24] . However, as mentioned earlier, there is currently much interest in the HDA function of hydrotreating catalysts [25] , so it is important to make catalytic measurements in the simultaneous HDS of sulphur compounds and the HDA of aromatic hydrocarbons [26] [27] [28] [29] .
Hein et al. [30] studied unsupported bimetallic catalysts with Ni/Mo=1.2 and Ni/W=0.9, and an unsupported trimetallic catalyst with Ni/(Mo+W)=1.3. These Ni-based precursors, not characterised in that work, were sulphided in the gas phase without previous thermal 5 treatment. The catalysts activities were evaluated for the hydrodenitrogenation (HDN) of opropylaniline and HDS of DBT. The trimetallic catalyst had both greater HDN and HDS activities than the bimetallic ones. The authors explained this result by the preferential incorporation of Ni in the perimeter of the mixed trimetallic Mo1-xWxS2 slabs. Only the trimetallic catalyst with Mo/W=1.3 was studied, no other Mo/W ratios were considered. Cobased catalysts were not studied in that work.
Recently Licea et al. [31] have investigated the properties of NiMo bulk sulphide catalysts obtained from mixed oxides. The mixed oxides were obtained by calcining a synthesised lamellar precursor with the so-called y phase, whose crystal structure has been determined by Ying et al. [31] , with general formula (NH4)H2xNi3-x(OH)2(MoO4)2 (0 ≤ x ≤ 3/2). Ni atoms can fractionally occupy the octahedral sites, which allows the synthesis of compounds with Ni/Mo ratios in the range from 0.75 to 1.5. Layered structures containing Co, Cu or Zn as the divalent metal have also been reported [32] but despite the chemical similarities of W and Mo [33] , these y structures containing W atoms have not been reported so far in the open literature.
It is well known that DBT undergoes HDS by two parallel paths, namely the direct desulphurization (DDS) and the previous hydrogenation (HYD) routes [34] . In the work of Licea et al. [31] the mixed oxides were in situ sulphided and the catalytic activity of the mixed sulphides was evaluated in the simultaneous dibenzothiophene (DBT) HDS and tetrahydronaphthalene (THN) HDA reactions. The NiMo bulk sulphide displayed pronounced selectivity for the HYD pathway in DBT HDS, when compared to a conventional NiMo alumina-supported catalyst. This is known to be the pathway that benefits the HDS reaction of the most refractory organo-sulphur molecules (alkyl-dibenzothiophenes) under hydrotreating conditions [25, 35] . 6 In the present work, Ni-Mo-W catalysts and Co-Mo-W bulk sulphides were prepared from liquid-phase sulphidation of mixed-oxide precursors. The activity and selectivity of the catalysts were evaluated in the sulphided state in the simultaneous HDS of dibenzothiophene (DBT) and HDA of tetralin (tetrahydronaphtalene, THN) and were further characterised by several physicochemical techniques. A combination of EXAFS and density functional theory calculations was employed to investigate the mixed MoW sulphides, in particular to establish whether or not solid solutions were obtained by the preparation method used, and if formed, whether the solid solutions were ordered or disordered.
Experimental

Synthesis
Two series of AMoW (A = Ni or Co) precursors were synthesised by a co-precipitation method as described elsewhere [31] . Ammonium heptamolybdate and ammonium metatungstate aqueous solutions were prepared each containing quantities of Mo and W to obtain 1:0, 2:1, 1:1, 1:2 and 0:1 molar Mo:W solutions. A Ni (or Co) nitrate aqueous solution was also prepared so to obtain equimolar A: (Mo+W) compounds. By the slow addition of NH4OH, the pH of the solution was increased to 8. The solution was then transferred to a closed bottle, where a treatment was carried-out for 4 hours at 353 K. The Ni-based green (yellowish for some compounds) and Co-based pink (brown for some compounds) precipitates obtained were then washed with enough water to reach neutral pH and then dried for 24 hours. The synthesised ammonia-containing materials were nominated Az-Moy-Wx-am, where "am" stands for ammonia, A=Ni or Co, z is the A/(W+Mo) molar ratio, x is the W/(Mo+W) molar ratio, and y=1-x is the Mo/(Mo+W) molar ratio. The values of z and x were obtained from the X-ray fluorescence (XRF) chemical analysis of the samples (c.f Table 1 ). In order to simplify the notation, the materials not containing W were denominated 7 Ni1.6-Mo-am and Co1.1-Mo-am, whereas the materials not containing Mo were denominated Ni1.6-W-am and Co1.2-W-am.
In order to obtain the mixed oxides, the Ni-based and Co-based precursors were heated under static air at a rate of 5 K min -1 up to 673 K and 623 K, respectively, and maintained at the final temperature for 3 h. The calcination temperatures were chosen as low as possible to maximise the surface areas, while also guaranteeing that all volatile compounds (H2O and NH3) were evolved, based on the thermogravimetric analysis of the precursors. The corresponding calcined materials were named Az-Moy-Wx-ca ("ca" stands for calcined). The sulphidation was performed in-situ, immediately before the catalytic tests, as described under section 2.8, and the sulphide catalysts were named Az-Moy-Wx-s ("s" stands for sulphide). It should be emphasised that in all cases the subscripts x, y, z represent the overall compositions of the samples and do not imply the existence of single phases with the given stoichiometry.
The NiMo layered precursor (Ni1.6-Mo-am), its corresponding mixed oxide (Ni1.6-Mo-ca) and sulphided catalyst (Ni1.6-Mo-s) have been studied in previous work [31] , where the simultaneous HDS/HDA activity of the latter was compared with that of an aluminasupported NiMo material synthesised in our laboratory [36] .
Elemental analysis
A Rigaku RIX 2100 instrument with a rhodium tube operated at 4 kW was used for analysis of the metals by X-ray fluorescence (XRF). The samples were analyzed as ca. 600 mg wafers, after calcination at 823 K.
X-Ray diffraction
X-ray powder diffraction (XRD) patterns for the layered precursors and mixed oxides were obtained in a Rigaku Ultima IV apparatus using CuKα radiation (λ=0.15418 nm), operated at 40 kV and 20 mA. Scans were performed at 2º min -1 in the 3º to 70º range in steps of 0.02º. 
Textural properties
The textural characterisation of both the calcined and the sulphided materials using nitrogen physisorption was made using a Micromeritics ASAP 2010 C equipment. Both the calcined and the sulphided samples were pretreated in-situ at 473 K under vacuum before the analyses.
Surface areas were determined using the BET method and pore size distributions were obtained using the BJH method [37] from the adsorption branch of the isotherms.
The sulphided catalysts were analysed after the catalytic tests. The samples soaked with the reaction mixture were washed first with toluene, then with n-hexane. While soaked in nhexane, they were placed in a Schlenk flask and heated under N2 flow (30 cm 3 /min) for 4 h at 573 K in order to eliminate the solvent. Under the same flow, the samples were cooled down to room temperature and then the nitrogen flow was switched to a 0.5% O2/N2 (~80 cm 3 min -1 ) gas mixture during 4h for surface passivation. The powder was then transferred to the ASAP sample cell, where it was heated under vacuum at 473 K and then analysed.
Electron Microscopy
A FEI Inspect F50 scanning electron microscope, a JEOL transmission electron microscope (TEM-FEG) JEM 2100F and a TEM-HR JEOL 3010 microscope (all located at the Brazilian Nanotechnology National Laboratory in Campinas, Sao Paulo), were used for microscopy studies.
The Ni1. 
XAS measurements
X-ray absorption spectra were taken at XAFS1 or XAFS2 beamlines at the Brazilian Synchrotron Light Laboratory (LNLS), Campinas, Brazil, operated at 1.37 GeV with a maximum beam current of 250 mA. The analyses were carried-out in the ranges from 7580-8300 eV, 8230-9600 eV, 19900-21300 eV and 10100-11300 eV for Ni-K, Co-K, Mo-K and W-L3 edges acquisition, respectively. A metal Co, Ni, Mo or W foil was used for energy calibration reference in the respective cases. The EXAFS spectra were analysed by standard procedures of data reduction using the IFEFFIT code [38] . Structural parameters were obtained from least squares fitting in R-space. The amplitude functions were obtained theoretically from the FEFF8.2 program [39] in the case of the CoS and experimentally for MoS2, WS2 and Ni3S2. The parameters optimised by the software were defined as usual, except in the trimetallic sulphided catalysts where a simultaneous simulation using the EXAFS W L3-and Mo K-edge were used, as explained below. XANES in the Mo L3-edge energy region spectra were taken at the SXS beamline at LNLS for both Az-Moy-Wx-am precursors and Az-Moy-Wx-ca mixed oxides.
The catalysts in the form of fine powders soaked in the liquids as extracted from the reactor after the catalytic tests, were washed with toluene. Just before EXAFS analyses were performed, a portion was weighted and mixed with isopropyl alcohol for ultrasonication before the membrane was made. Kapton tape was used to cover the membrane.
Density functional theory calculations of the Mo1-xWxS2 solid solution
A theoretical analysis of the cation distribution in (Mo,W)S2 solid solutions was performed in order to complement the EXAFS results, in particular to interpret the deviations of the experimental coordination functions from the ideal disorder behavior, as well as to assess the stability of the solid solution with respect to phase separation. The configurational spectrum of energies in a single-layer 4×4 supercell of Mo1-xWxS2, for x=i/16 (i=0, …, 16) were calculated. Only the symmetrically different cation configurations, as found using the SOD code [40] , needed to be calculated. The energy calculations were performed using density functional theory (DFT), as implemented in the VASP code [41, 42] , using the PBE exchange correlation functional . The interaction between the valence electrons and the core was described with the projected augmented wave (PAW) method [43, 44] , and the core levels up to 4s in Mo, 4f in W, and 2p in S were kept frozen in their atomic reference states. Both ionic positions and lattice parameters were relaxed for each configuration. Due to the large dimensions of the supercell, and the presence of a bandgap in the electronic structure, only the Γ point was used to sample the Brillouin zone for reciprocal space integrations.
Catalytic tests
The calcined mixed oxides were sulphided in-situ in a CS2/n-hexadecane mixture in a batch Parr reactor. A careful sulphidation procedure was used, in order to avoid catalyst reduction before or after sulphidation. First, 1 g of catalyst was dried under nitrogen flow at 393 K for 2 h. A 200 cm 3 amount of a 5 vol % solution of CS2 in n-hexadecane was added to the reactor.
The amount of CS2 added was calculated to be 5 times the stoichiometric one required to completely sulphide the unsupported mixed oxides. Next, under constant stirring at 400 rpm, the reactor was pressurised to 40 bar with hydrogen, heated to 503 K under constant pressure and kept at this temperature for 2h. It was then heated to 613 K under constant pressure and kept at this temperature for 16 h. Finally, it was cooled to 593 K and vented to atmospheric pressure, in order to remove the water and hydrogen sulphide formed during the sulphidation.
Our XAFS data to be discussed subsequently showed that this protocol led to essentially complete sulphidation of the catalysts. Once the sulphidation stage was finished, 5.75 g of DBT dissolved in 30 cm 3 of THN were added to the reactor. These amounts correspond to 280 ppmwt sulphur and 13 vol % THN in the reactor feed. Catalytic test conditions were then established (70 bar, 613 K, 600 rpm) and products evolution was followed by sampling small volumes of the reaction mixture for 6 h. Quantitative analysis of the reaction products was carried-out by gas chromatography in an Agilent 6890 instrument. The same chromatographic method and column (Agilent methylsiloxane 100 m X 250 µm X 0.50 µm)
were used for identification of the products in an Agilent 6890 gas chromatograph equipped with a 5973A quadrupole mass selective detector.
The initial rates of conversion, R0, for each reactant were determined from the slopes of percent conversion vs. time curves at time equals zero. Specific initial reaction rates, r0 expressed in mol s -1 gcat -1 were determined using the relation: where no and mcat are the initial amount of reactant in the system and the catalyst mass, respectively. All sulphided samples were characterised after the catalytic tests.
Results
Characterisation of the oxide materials
X-ray diffraction and chemical analyses
The XRD patterns for all precursors are presented and briefly discussed in the supplementary Information (SI). In Fig.S1A , the XRD patterns for the Coz-Moy-Wx-am precursors are shown. Peaks of the spectrum corresponding to the layered y phase described by Levin et al. [45] (ICSD-165342) are present in all samples except in those with higher X values, that is, Co1.1-Mo0.28-W0.72-am and Co1.2W-am. In the Niz-Moy-Wx-am systems (Fig. S1B) , these peaks appear only in the Ni1.6Mo-am material. Apart from those, broad peaks corresponding to an up to now unidentified phase are observed in the tungsten-rich materials of both series.
This phase is also repeatedly reported in some patents on the production of Ni-Mo-W unsupported catalysts [5, 46] .
A mentioned in topic 2.1, based on the decomposition temperatures observed in TGA, the Niz-Moy-Wx-am series was calcined at 673 K while the Coz-Moy-Wx-am series was calcined at 623 K, in order to obtain the corresponding mixed oxides. The A/(Mo+W) ratios are larger than the 1:1 ratio used in the synthesis, especially in the case of nickel-containing materials. This is not totally unexpected as Levin has reported a 1.5 upper limit for the Ni:Mo ratio in y phases [47] , but some values in the nickel-containing series are considerably above this limit. Due to the fact that our Ni/(W+Mo) ratios were higher than 1, the presence of a small amount of an X-ray invisible Ni-containing phase, such as nickel oxide, may not be completely excluded. This was not the case of Co-containing precursors where the Co/(Mo+W) ratios are less than 1.5 and, as a consequence, the Co 13 excess could form, after calcination, a solid solution of Co simple oxide and -CoMoO4 phase [48] , since the -CoMoO4 phase is stable at ambient condition. A brief discussion on the possibilities of the formed phases is made in the SI.
In the uncalcined oxides materials the XANES Mo-L3 edges spectra (see Fig. S3A a) show the same XANES resonances as the Na2MoO4 pattern where Mo atoms are tetrahedrally coordinated. After calcination XANES spectra shown see Fig. S3A b) that great fraction of Mo atoms remain tetrahedrally coordinated. On the other hand W atoms in the trimetallic precursors are ochtaedrally coordinated as shown their XANES W-L3 spectra (see Fig S3B) .
In summary, the Ni/(Mo+W) ratio (and to a lesser extent the Co/(Mo+W) ratio too) is much higher than expected in the synthesis and the reason for this is likely to be related to the pH of the precursor synthesis solution, since Ni (Co) cations and protons compete for incorporation in the crystal structure of the y phase. Thus, XANES spectra suggest that in the trimetallics Niz-Moy-Wx-am precursors, W atoms are not in the same crystal y-phase positions as Mo atoms, otherwise, W atoms would be tetrahedrally coordinated. Further experimental investigation will be needed for a complete understanding of these issues and should be published elsewhere.
Textural properties and SEM
The textural properties of the Az-Moy-Wx-ca mixed oxides are shown in Table 2 . There are no pronounced differences among the surfaces areas between or within nickel-containing and cobalt-containing oxides. However, the three tungsten-richest oxides in the nickel series have larger pore volumes and pore diameters than the remaining oxides.
Figs. S4A and S4B of the SI shows the scanning electron micrograph (SEM) for Ni1.7-Mo0.50-W0.50-am, Co1.3-Mo0.41-W0.59-am precursors and the respective calcined oxides. We notice first that there is little change in particle morphology upon calcination. There is however a 14 pronounced difference in morphology between the nickel-containing and the cobaltcontaining materials. The particles of the nickel-containing materials have a sponge-like texture, suggestive of the presence of large pores, where the texture of the cobalt-containing materials is more closed. This is consistent with the larger pore volume and average pore diameter of Ni1.7-Mo0.50-W0.50-ca, as compared to Co1.3-Mo0.41-W0.59-ca apparent in Table 2 . slabs, as has been reported in previous work, e.g. [2] and reference therein.
The elemental mapping in high-resolution mode for Co, Ni, Mo and W is presented in Fig.   S8A . In the Ni1.7-Mo0.50-W0.50-s catalyst (Fig. S8Ab) There is a homogeneous distribution of the elements. In Co1.3-Mo0.41-W0.59-s catalysts (Fig. S8Aa ) the same tendency is observed for the region studied, in that a homogeneous distribution is observed for W, Mo and S.
However, in the STEM Co map, some islands are observed, which could be due to some CoS segregation in the sampled area. In Fig. S8B the sulphur elemental map is shown for both Ni1.7-Mo0.50-W0.50-s and Co1.3-Mo0.41-W0.59-s sulphides. Table 4 shows the main textural properties of the sulphide catalysts, as determined by nitrogen physisorption. The corresponding nitrogen adsorption isotherms and pore size distribution curves are shown in Figs. S9 and S10. There was generally a decrease in BET surface area after sulphidation and catalytic test, but the effect was much more pronounced in the case of the cobalt series, so that, in general, the surfaces areas in the nickel series were larger than those in the cobalt series. There is an intrinsic decrease in BET surface area upon sulphidation as a result of an increase in the skeletal density of the material. However, the decrease in pore volumes was even larger than that of surface areas, and was accompanied by S11A, S11B, S12A-B and S13A-B of the SI, respectively. It should be noted that, due to the careful procedure used during the sulphidation process (c.f. section 2.8) the metals were completely sulphided, as evidenced by the XANES spectra taken at W L3-, Mo K-and Ni Kor Co-K edges; see the explanations in the SI.
3.2.2b. EXAFS Ni K-and Co K-edges
The extracted EXAFS oscillations and the k 3 -weighted FT from Co and Ni K-edges X-rays absorption spectra of Az-Moy-Wx-s catalysts of both series are shown in Fig. S14A and S14B of the SI. Tables S1A and S1B in the SI show the parameters obtained from the simulation for the nickel and cobalt series, respectively, from EXAFS simulations. The A (Ni or Co)
second-sphere coordination number (A-A interaction) shown in Tables S1 equals approximately 2 for most of the catalysts, implying that A atoms would be present in small sulphide clusters. An hypothesis is that the A is present as an atomically dispersed species, such as in the so-called AMo(W)S phase [6] , coexisting with large AxSy crystallites as reported recently for Co-promoted unsupported systems [19] . If a large portion of the nickel was atomically dispersed, a peak due to the NiMoS species would be expected at 2.85 Å in the Fourier-transformed Ni K-edge EXAFS spectra of the catalysts [49] [50] [51] . The absence of this peak, however, does not necessarily imply that the NiMo(W)S phase is absent from our catalysts, since it may have remained undetected because the corresponding nickel signal was overwhelmed by a more abundant Ni3S2-like phase.
The to destructive interference between the molybdenum-emitted outgoing electron wave and the ones backscattered by tungsten atoms located at the second coordination shell of the emitting molybdenum atom. This effect is reported for intralayer Mo1-xWxS2 solid solutions obtained from thiosalts [12] . The k 3 -weighted FT for the EXAFS oscillations extracted from the W L3-edge spectra from both Ni-and Co-series sulphides, are shown in Fig. S15 from the SI. Given the fact that for each trimetallic sulphide, both Mo K and W L3-edge EXAFS have been experimentally obtained, it is reasonable to do a simultaneous fitting of the R-space distribution functions of both edges, in order to decrease the number of independent parameters used in the simulation. Effectively, the constraints should be imposed in the second coordination shell from which both spectra have common information. In this work the S0 2 values for the fitting of the spectra in the Mo K-and W L3-edges were the ones obtained from the fitting of the spectra of, respectively, the MoS2 and WS2 standards, in order to minimise the error in coordination number (CN) determination, as suggested by Kelly and
Ravel [54] .
The total second shell coordination number of either molybdenum or tungsten was taken as 6.0, assuming that the fraction of incompletely coordinated atoms is negligible, which is reasonable, since all materials are bulk sulphides. Besides, if the formation of a binary sulphide Mo1-xWxS2 is considered, four second shell average CNs need to be considered, namely ZMoMo, ZMoW, ZWMo and ZWW, where, in ZA-B, A is the central atom and B is an atom in the second coordination shell. It can be demonstrated (cf. topic S1.1 in the SI) that only one of these is an independent variable that needs to be determined from the spectral fitting. All the others may be determined from this one, considering that the total CN of any metal atom is 6, taking into account the x value in the formula of the mixed sulphide, determined by Xray fluorescence analysis, and assuming that Mo and W are randomly distributed in the slabs.
The crystal structure of MoS2 (ICSD-601647) was used in Artemis code [55] for the EXAFS path generation in the Mo K-edge with a second shell shared by Mo atoms and W atoms. For the W L3-edge path generation, the WS2 (ICSD-84181) was used instead, also with a second shell shared by W and Mo atoms. Additionally, the Mo-W Debye-Waller factors and interatomic distances were the same for the simultaneous fitting of both absorption edges, since these parameters should be invariable independent of the absorber atom, W or Mo.
In Table 5 the results for parameters determined from the EXAFS simultaneous fitting are shown for the second shell of trimetallic sulphides. The third column in the table (xAB) shows the fraction of atom B in the second coordination shell of atom A. The results for all catalysts (including the first shell) and for the MoS2 and WS2 commercial pattern are reported in Table   S2A and S2B in the SI.
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Comparison of the xAB values presented in Table 5 for the Ni series with the tungsten molar percentages shown in Table 1 , indicates that, within the error of this parameter, the fraction of a given element in the second coordination shell of a given central element cannot be distinguished from the overall composition of the sulphides. This suggests that a random distribution of Mo and W actually exists within the sulphide slabs of the Ni series. In the case of the Co-series sulphides, the xAB ratios are also close to the full disorder limit, but more significant deviations are obtained, in particular for Co1. Figure 3 . For the rest of the trimetallic catalysts, the same fittings are shown in Figure S16 in the SI.
From the EXAFS simulations it may be concluded that the trimetallic sulphides used as catalysts form intralayer solid solutions. From Table 5 (corresponding to the diagonal straight line function: 6x). We also plot the equilibrium ZWW values obtained from the weighted average of the DFT energies in the configurational spectrum using Boltzmann factor weights [40, [56] [57] [58] at room temperature. These equilibrium values of ZWW are below what is expected for the fully random distribution, due to the thermodynamic tendency to partial ordering with maximum homogeneity. In the EXAFS results, there is a tendency for the nickel series to be closer to the fully random case, whereas the cobalt series is closer to the thermodynamic preference, i.e., it tends to have lower ZWW values. However, the errors bars for the experimental coordination numbers are large, so this interpretation would require further investigation. The slightly different cation distribution in the two series of sulphides, if confirmed, may be related to the different nature of the oxide phases from which they formed.
Catalytic tests
The curves for DBT and THN (tetralin) conversion vs. time for both the Ni and Co sulphide series are shown in Fig. 6 . Two families of curves are distinguished depending of the promoter used. For both reactions, the initial rates of DBT and THN conversions are higher for the Ni series than those for the Co series sulphides. It is also observed that there is an acceleration of the hydrogenation reaction, indicated by an upward curvature of THN conversion vs. time curve. This is likely due to a stronger inhibition of THN hydrogenation by DBT than by the HDS products, including hydrogen sulphide. For the purpose of studying catalyst selectivity, a previously reported network of irreversible pseudo-first order reactions was assumed for the HDS of DBT (Scheme 1), noticing that the reaction was carried-out under constant hydrogen pressure. The reader is referred to reference [31] , where the equations used to determine the kinetic parameters for the model described below are shown and justified.
In Scheme 1, DDS, HYD and BPH represent, respectively, the direct desulphurisation route, that leads directly from DBT to BPH, the prehydrogenation route, that leads from DBT to CHB, and BPH hydrogenation, that leads from BPH to CHB. The results obtained for kDDS, kHYD and kHBP values are reported in Table 6 . The lines in Fig.7a and Fig.8a represent the best fit with this simple model. Similar curves for the rest of the catalysts studied are shown in Figure S17 in the SI.
In tetralin hydrogenation, straight lines were obtained when the yield of each product was plotted against tetralin conversion, with both series of unsupported sulphides. Therefore, no evidence exists for interconversion between the isomeric products cis-and trans-decalin. In this case, selectivity was analysed simply in terms of the ratio of initial rates of formation of both products.
The activity and selectivity results of catalytic tests for simultaneous HDS of DBT and HDA of THN are shown in Table 6 for both Ni and Co promoted unsupported catalysts. For comparison, the results for an alumina-supported NiMo catalyst with a 1:1 nickel to molybdenum ratio, whose characterisation was already reported [31, 36] , are also shown.
The rHDS and rHDA activity results shown in Table 6 Tables S3 in the SI) . However, if the activity was reported per catalyst volume, as is commonly done for commercial catalyst, the bulk sulphides would certainly be considerably more active than the supported one, because the bulk sulphide materials are much denser than the supported ones.
Although it could be expected, as observed, that the nickel-containing sulphides were more active than the cobalt-containing ones in aromatic hydrocarbon hydrogenation, they were also more active in DBT HDS, although in this case the difference was much smaller. The difference does not disappear when activities per unit surface area are considered. On the pseudo-TOF basis, the Ni1.5-Mo0.32-W0.68-s catalyst has a greater activity in the THN HDA than the rest of unsupported catalysts and it has a good performance in the DBT HDS
reaction.
An important point that emerges from the data in Table 6 is that, despite the fact that our characterisation results demonstrate that molybdenum and tungsten are intimately mixed in the trimetallic sulphides, no synergetic effects are observed between the two elements, for the model feed used here. Neither activity (rHDS and rHDA) nor selectivity parameters present any significant maxima or minima for the trimetallic catalysts with respect to the bimetallic ones.
Due to the fact that the catalysts were sulphided in-situ in the liquid phase and the characterisation of the sulphides was performed with the material recovered from the catalytic tests, we considered that characterisation aiming at measuring active site density by common chemisorption techniques would not be representative of the catalysts in working conditions. Therefore, selectivity parameters are more interesting to correlate with catalyst composition.
24
In the nickel series, when tungsten is introduced in the catalyst composition, perhaps surprisingly the kHYD/kDDS ratio is hardly affected, while the rHDA/rHDS ratio increases and the cis-/trans-decalin ratio decreases with increasing tungsten content. The fact that there is an increase in selectivity for trans-decalin formation when the rHDA/rHDS ratio increases,
indicates that tungsten addition improved the hydrogenation activity mainly of the sites involved in trans-decalin formation. This could also explain why the kHYD/kDDS is essentially insensitive to the tungsten content: according to a model previously proposed by us [31] , the sites involved in trans-decalin formation are the same responsible for the DDS route in DBT HDS, not the ones involved in the HYD route. Therefore, an increase in the activity for hydrogenation of the DBT ring due to tungsten addition favouring the HYD route, is accompanied by an increase in activity for DBT HDS via the DDS route.
The selectivity for the HYD route in HDS (direct CHB formation) was much higher with the bulk Ni promoted catalysts than with the Co-promoted unsupported ones, which were clearly more selective for the DDS route (BPH formation). This is in agreement with what is known in the literature [59, 60] . It should be said that since the DBT conversion achieved was smaller in the case of the bulk sulphides containing Co and (as in the case of NiMo/Al2O3 catalyst prepared in our lab) the kBPH /kDDS ratio was not reported in Table 6 since the reliability of this value in not guaranteed with the kinetic model employed.
Consistently with the increase in rHDA/rHDS with increasing tungsten content, the activity for biphenyl hydrogenation to cyclohexylbenzene relative to HDS (kBPH /kDDS) increases in the same direction. Differently from the nickel series, the selectivity parameters of cobaltcontaining catalysts changed very little with the Mo/W proportion. The cis-/trans-decalin ratio was constant and similar to that of the bimetallic NiMo sulphide, i.e., considerably larger than that of the NiMo/Al2O3 catalyst. Also the kHYD/kDDS ratios, although smaller than those of the nickel series, were larger than the ones of the supported NiMo catalyst.
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Finally, it is interesting that, despite the fact that the CoW combination is generally considered to be the worst of the four possible ones in hydrotreating catalysis, the unsupported CoW sulphide had a HDS activity similar to that of a CoMo unsupported sulphide with similar total surface area, both in DBT HDS and THN hydrogenation.
Conclusions
Bimetallic (Ni-Mo and Co-Mo) and trimetallic (Ni-Mo-W and Co-Mo-W) unsupported sulphides were prepared from mixed oxide precursors in which W atoms were not incorporated in the y lamellar phase oxide precursor by the syntheses condition used.
Regardless of the W/Mo ratio in the mixed-oxide precursor, the EXAFS analysis of the With the model feed and testing conditions used in this work, no synergetic effect between molybdenum and tungsten could be observed, either in terms of activity or selectivity. The main factor affecting activity and selectivity was the nature of the promoters, not of the group 6 elements; nickel-containing catalysts were more active than the cobalt-containing ones, especially in tetralin hydrogenation. With increasing tungsten proportion, the selectivity of the nickel containing catalysts for the hydrogenation of aromatic hydrocarbons relative to DBT HDS increased, but the relative contribution of the two competing routes for the HDS reaction (direct desulphurisation and previous ring hydrogenation) was rather insensitive to 26 the proportion between the group 6 elements. In the series of cobalt-containing catalysts, both activities and selectivities were essentially insensitive to the composition of the group 6 sulphide phase.
Despite the fact that cobalt-containing catalysts are less hydrogenating than nickel-containing ones, the preference for the previous ring hydrogenation route over the DDS route of the unsupported cobalt-containing catalysts in DBT HDS was higher than that of an alumina- 
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at XXX.
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Figures and captions [36] .
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